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ABSTRACT
The enhanced protein degradation associated with diabetes and starvation is fundamentally different from normal protein catabolism. In normal eukaryotic cells large molecular weight proteins tend to be degraded more rapidly than small proteins, acidic proteins tend to be degraded more rapidly than neutral or basic proteins, and glycoproteins tend to be degraded more rapidly than nonglycoproteins. All three of these general correlations are absent or markedly reduced in liver and muscle of diabetic and starved rats. In contrast, the correlations between protein size and half-life, between protein net charge and half-life, and between protein carbohydrate content and half-life are not affected in brain of diabetic or starved animals. These results suggest that diabetes and starvation alter the general characteristics of intracellular protein degradation in target tissues of insulin. Degradation of serum proteins is also affected in diabetes and starvation. In normal animals a general correlation exists between isoelectric points of serum proteins and their degradative rates. This relationship is abolished in diabetes and starvation, as it is among liver and muscle proteins. The implications of our findings are discussed with regard to possible mechanisms of the enhanced protein breakdown.
Intracellular protein catabolism is a fundamental cellular process that has received increasing attention the past few years (1) (2) (3) (4) . Some of the general characteristics of the degradative process (2, 3) have suggested that polypeptide structure may influence how rapidly proteins are broken down within cells. For example, in a wide variety of tissues there is a general relationship between the molecular weight of a polypeptide and its half-life, with larger proteins having more rapid turnover rates than smaller proteins (2, 3, 5) . Furthermore, a general correlation exists between protein isoelectric point and half-life, with acidic proteins turning over more rapidly than neutral or basic proteins (3, 6) . We have confirmed and extended studies (7) (8) (9) which indicated that glycoproteins within cells are de-. graded more rapidly than nonglycoproteins (F. Kalish, N. Chovick, and J. F. Dice, unpublished data). None of these relationships can be explained by the others (ref. 6; J. F. Dice, E. J. Hess, and A. L. Goldberg, unpublished data), indicating that they are three distinct features of the degradative process.
The biochemical explanations for these characteristics of protein catabolism are unclear, but they are common to all eukaryotes examined, including several tissues of animals (5), plants (5, 10) , and cells grown in culture (ref. (3) .
Several studies have implicated lysosomal involvement in the enhanced protein catabolism due to nutrient deprivation. For example, lysosomes are larger and more fragile in livers that are perfused in the absence of insulin, in the presence of glucagon, or with inadequate levels of certain amino acids (11, 12) . Similar changes in the lysosomal system have been reported for skeletal muscles (13) and heart muscle (14) perfused under poor nutritional conditions. Several investigators have concluded from these findings that lysosomes are also involved in basal levels of protein catabolism.
It is crucial for our understanding of the mechanisms and control of protein degradation to determine whether the enhanced catabolism in diabetes and starvation is simply an acceleration of normal breakdown processes or results from activation of different proteolytic mechanisms. We now report that three of the fundamental characteristics of protein degradation in normal tissues are absent or strikingly reduced in diabetes and starvation.
MATERIALS AND METHODS Animals. Male rats (Simonsen Laboratories, Gilroy, CA), 160-180 g, were used for each of the studies. The animals were maintained on water and Purina Lab Chow (Ralston Co., St. Louis) for at least 4 days before use.
Diabetes. Severe, insulin-dependent diabetes was induced in rats by intravenous injection of streptozotocin (Upjohn) (150 mg/kg of body weight) as described (15) . The rats were kept in wire metabolic cages and their diabetes was monitored by measurements of body weight, urine volume, urine glucose (Tes-tape, Lilly), urine ketones (Ketostix, Ames), and blood glucose (Dow Diagnostics). The diabetic animals were maintained with a single daily injection (at 5 p.m.) of 3-4 units of NPH U-40 insulin (Lilly), and the insulin was withdrawn on the day the experiment began. In this way the severity of the diabetes could be determined before the experiment, and acute insulin withdrawal could be achieved. 
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Proc. Natl. Acad. Sci. USA 75 (1978) al. (16) . In this procedure two isotopic forms of an amino acid, usually [3H]leucine and [4C]ileucine, are used to establish two time points on the curve describing degradation of the protein.
[14C]Leucine is first administered to an animal, and then some days later [3H]leucine is given to the same animal just before it is killed. The 3H/14C ratio of a protein fraction therefore reflects its degradative rate.
The double-isotope procedure as originally described is applicable only to animals under constant or "steady-state" conditions. By changing the protocol slightly, this technique can also be applied to animals undergoing physiological changes. The major modification of the experimental design involves using two animals instead of one. As an example, in one set of experiments a diabetic rat receiving insulin injections was given
[4C]ileucine, its insulin was withdrawn, and the 14C-labeled proteins were allowed to degrade in vivo for 3 days. A normal animal was injected with [3H]leucine and killed 4 hr later. The appropriate tissues were pooled, and serum proteins (17) or cytoplasmic proteins (5, 6) were prepared. With certain assumptions discussed in the Results, the 14C in a protein fraction reflects the amount of degradation during 3 days of diabetes, while the 3H represents an initial point on the curve. Therefore, proteins that are degraded rapidly in diabetes will have high 3H/14C ratios. Control experiments consisted of using normal animals or diabetic animals receiving insulin in the same experimental protocol. In separate experiments, normal rats and diabetic rats maintained with insulin were indistinguishable in terms of the general characteristics of protein degradation (unpublished observation).
Sodium Dodecyl Sulfate (NaDodSO4)/Polyacrylamide Gel Electrophoresis, Isoelectric Focusing, and Determination of Radioactivity. These procedures were carried out as described earlier (5, 6) .
Separation of Glycoproteins from Nonglycoproteins. Glycoproteins were isolated by affinity chromatography using concanavalin A (Con A) linked to agarose (Miles Laboratories). Double-labeled proteins (10-12 mg) were applied to a column containing 2 ml of packed Con A-agarose. The column was then washed with 30 ml of salt solution (75 mM NaCl/1 mM CaCl2/1 mM MgCl2) to collect proteins that did not bind to the column. Glycoproteins that bound to the Con A were eluted with 20 ml of 5% a-methyl-D-mannoside in the salt solution described above. The protein fractions were precipitated in 10% trichloroacetic acid and their 3H/14C ratios were determined. Further details will be presented elsewhere (F. Kalish, N. Chovick, and J. F. Dice, unpublished data).
RESULTS
Diabetic and Starved Animals. Diabetic rats receiving daily insulin injections gained 4.0 + 1.1% (n = 11) of their body weight daily compared to 4.4 + 0.7% (n = 22) for normal rats. Ketonuria was consistently absent in diabetic rats receiving insulin, and their urine glucose levels (measured four times per day) were generally negative. Their blood glucose concentrations were 160 + 40 mg/100 ml (n = 4) compared to 106 + 26 mg/100 ml (n = 7) for normal animals.
When insulin was withdrawn from the diabetic rats, their blood glucose levels increased to 499 ± 48 mg/100 ml (n = 7), and polyuria, glucosuria, and ketonuria developed within 24 hr. Diabetic rats lost 30 + 7% (n = 7) of their body weight during the 3 days of insulin withdrawal. Comparatively, starved rats lost 25 + 6% (n = 5) of their weight. (Fig. 2) . This relationship is markedly reduced among liver proteins and is abolished among muscle proteins from diabetic animals.
There is also a reduced correlation between protein size and half-life and between protein isoelectric point and half-life in liver and muscle proteins of starved animals. Fig. 3 shows these results for cytoplasmic proteins from liver. The effect of starvation on the characteristics of protein degradation appears to be less drastic than that of diabetes, which suggests that there may be more extreme imbalance of hormones and nutrients in diabetes.
As a control we have determined whether the changes in the general characteristics of protein degradation during diabetes and starvation are tissue specific. In the brain, an organ generally considered to be nonresponsive to insulin, the correlation between protein size and half-life is not affected by starvation (Fig. 4A) and that between protein isoelectric point and half-life is not affected by diabetes (Fig. 4B) Relative degradative rates of (A) liver, (B) muscle, and (C) brain proteins in normal, diabetic, and starved rats: Affinity chromatography with Con A-agarose. Double-labeled proteins were prepared as described in the text. Livers were extensively perfused to remove serum proteins before isolation of cytoplasmic protein components. Protein (10-12 mg) was applied to the column in each experiment. Nonglycoproteins (NONGLYCO) and glycoproteins that bind to Con A-agarose (GLYCO) were collected. Four to 6% of the total proteins from each of the tissues bound to Con A-agarose. 3H/14C ratios of nonglycoproteins and glycoproteins from normal liver are the averages ± 1 SD for three experiments with the same doublelabeled proteins. Other 3H/14C ratios are from single experiments.
Recent studies from our laboratory have shown that intracellular glycoproteins that bind to Con A or to other lectins are degraded more rapidly than nonglycoproteins in various normal tissues. Fig. 5 illustrates our results for liver, muscle, and brain proteins and also shows that the relationship between sugar content and protein half-life is reduced among liver and muscle proteins from diabetic and starved animals. In contrast, the relationship is not affected among brain proteins during diabetes and starvation.
Recently we suggested that degradation of serum proteins and intracellular proteins may share pathways or mechanisms that have at least some steps in common since some of the general characteristics of the degradative process for the two classes of protein are the same (17) . It is intriguing that the overall catabolic rate of serum proteins is enhanced in diabetes and starvation (24) (25) (26) Fig. 6 ), is abolished in diabetes (Fig. 6) at the same time it is abolished for liver and muscle proteins (Fig. 2) . Thus, the general characteristics of degradation of serum proteins and intracellular proteins appear to be similarly affected by diabetes. Serum proteins were collected and prepared as described (17 (1978) 2097 originally hypothesized by Schimke (1) and recently in more detail by Knowles and Ballard (27) . Since The accelerated degradation of proteins might also result from an increase in the sensitivity of cell proteins to proteolytic attack. If the protease sensitivity of the more stable proteins were preferentially increased, the three characteristics of normal protein degradation that we have examined could be abolished.
Our finding that degradation of serum proteins may be affected by diabetes similarly to degradation of intracellular proteins is very exciting. Since the pathway of catabolism of serum proteins is much better understood than that of intracellular proteins, determination of the mechanisms by which nutrients and hormones affect serum protein catabolism may be more easily studied.
In closing, we wish to emphasize that the results presented in this report apply as a general rule only. There are specific enzymes in cells that turn over rapidly under normal conditions and also show enhanced degradation in diabetes and starvation (33) . Furthermore, degradation of certain stable proteins may be little affected or even reduced under such conditions (34) . In these cases changes in levels of specific substrates, cofactors, or regulatory molecules (1-4) may also contribute to the altered degradative rates during nutrient deprivation.
